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CUORE Experiment Overview
The mission of the Cryogenic Underground Observatory for Rare Events (CUORE), located at
the Gran Sasso National Laboratory (Laboratori Nazionali del Gran Sasso, or LNGS) in Assergi,
Italy, is to study the behavior of neutrinos in order to improve the Standard Model of Physics.
Currently, this model states that there exist three different types of neutrinos – electron, muon,
and tau – each with their own partnering antiparticle, for a total of six distinct neutrino particles.
This concept is known as the Dirac Model for neutrinos, and up to the present, measurements of
neutrino behavior have shown this to be the case. However, a substantial population of scientists
believes that another model, known as the Majorana Model, might be more accurate in
describing the nature of neutrinos. Ettore Majorana postulated that only three distinct neutrinos
exist and that each type of neutrino functions as its own antiparticle. CUORE’s objective is to
observe a reaction in which two identical neutrino particles will annihilate each other, effectively
proving the Majorana Model to be correct.
When a neutron inside an atom’s nucleus spontaneously decays, the product particles are a
proton, an electron, and an electron-type antineutrino:
n " p + e# + ! e

Eq. 1

Due to interactions via the strong force inside the nucleus, the proton remains stationary in the
nucleus while the electron, commonly called a beta particle, and antineutrino escape the nucleus.
This process is called beta decay (β), illustrated in Figure 1(a). When two beta decays occur
simultaneously in the same nucleus, and two electrons and two antineutrinos exit the nucleus, it
is called double beta decay. In ordinary double beta decay (2νββ), which can be seen in Figure
1(b), two electrons and two antineutrinos escape the nucleus and zoom off into space. A special
case of double beta decay which has yet to be observed is called neutrinoless double beta decay
(0νββ), seen in Figure 1(c). The name of this process suggests exactly what is believed to occur
– the particles produced in the process are two protons and two electrons, meaning the reaction is
neutrinoless.

Figure 1 [1]
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Under the Dirac Model, the expelled electrons and antineutrinos use the excess energy from the
reaction to escape at high velocities, and because the reaction’s energy is shared between the
electron and the antineutrino, each can move with a large range of velocities. The electron’s
kinetic energy can be measured, and the range of its energies follows the large curve denoted
“ββ2ν” in Figure 2. In the Majorana Model, however, the two antineutrinos, which can act as
each other’s antiparticles, effectively annihilate each other as the neutron decays, leaving the two
escaping electrons with a fixed amount of energy. This fixed energy is represented by the small
curve denoted “ββ0ν” in Figure 2. (Note: The smearing of the small curve is not a distribution
of electron energies, but rather a product of the measurement’s energy resolution, which is
affected by background noise in the measurement.)

Figure 2 [2]

The CUORE project uses towers of crystals made of tellurium dioxide (TeO2) as its experimental
source, since TeO2 is a well-known source of ordinary beta decay and is therefore a good
candidate for producing neutrinoless double beta decay. The energies of the escaping electrons
from decays are measured using the same source crystals as detectors. By measuring the
electron energies of spontaneous decays within the TeO2 crystals, CUORE can determine the
types of decays that occur and look for the signature electron escape energy of neutrinoless
double beta decay.

Three Towers Test
During the summer of 2009, the CUORE Collaboration ran the Three Towers Test (TTT) as a
diagnostic experiment to determine the most effective cleaning and preparation methods for
reducing background radiation, which interferes with detecting the 0νββ signal. This experiment
was instrumental in the design of the final CUORE experiment, which is expected to start
operation in 2013, as it helped the collaboration decide what cleaning method would remove the
most background-causing contaminants from the surface of the crystals and their surrounding
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structure. Cleaning/preparation methods tested on three crystal towers included (1) using a high
energy ion plasma beam to remove impurities, (2) performing a thorough chemical cleansing of
the copper framework and removal of crystal surface contaminants, and (3) wrapping all of the
experimental components in thin, super clean plastic.

Cooling System
In order for the TeO2 crystals to function as detectors, it is crucial that the crystals be kept at
cryogenic temperatures to ensure a small specific heat. Following Eq. 2, a small specific heat
corresponds to a large change in temperature for the electron energy deposited in the crystal.
!E = mc!T

Eq. 2

To get a large enough temperature increase to accurately measure the kinetic energy of an
escaping electron, a crystal must have an extremely small specific heat. The specific heat
necessary for electron energy detection can be achieved by keeping the crystals at a temperature
on the order of 10mK. Therefore, CUORE is cryogenically cooled with a system that pumps
liquid helium (LHe) around the crystal encasement structure.
This cooling system needs to be monitored and refilled with fresh liquid helium every other day
in order to maintain the cold environment needed for electron energy detection, and rather than
hire maintenance personnel to perform these tasks, the CUORE collaboration has made these
tasks the shared responsibility of all collaboration members. Each member/institution of the
collaboration is responsible for at least one week of refill shifts a year. During the late summer,
however, it is particularly hard for the collaboration to find volunteers to perform shifts. First,
late summer is vacation time for most people working in Italy, and as approximately two thirds
of the collaboration is made up of Italian members, this greatly depletes the group of people
available for shifts. Second, the rest of the collaboration is almost entirely made up of American
members, and it is extremely hard for them to find the time to leave their regular jobs for a week
and the money for a flight, hotel, and meals during the trip.
That is why my partner, Alison V. Goodsell, and I traveled to Assergi, Italy, under the
supervision of our advisor and CUORE collaboration member, Dr. Thomas D. Gutierrez, in
August of 2009 to perform three weeks of refill shifts at on the TTT experiment. We worked
alongside other collaboration members experienced in the shift process to complete the tasks
necessary to keep the cooling system working properly and the TTT experiment running
smoothly. We learned that the refill process, while straightforward in its goal, is a good deal
more complex than the simple concept of pouring in LHe until the experiment’s cryostat is full.
It included performing many tasks that had to follow a specific order, each executed in a precise
manner, to keep the cooling system operating nominally.
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Refill Shifts
The refill shifts, which were performed every other day at the underground facility of the LNGS
where the TTT experiment was located, involved three main tasks: working with the LHe
recovery system, refilling the TTT main bath, and refilling the liquid nitrogen trap and
evaporator for the TTT. A rigorous safety policy was followed during all refill shifts.

Safety
The LNGS has employed many safety regulations in their underground facility, based on the
working environment. All personnel entering the lab must wear proper footwear containing toe
reinforcement and hardhats in case of falling material. Workers are also encouraged to wear
long-leg pants rather than shorts or skirts. When working with CUORE experiments, people
wear thick leather gloves whenever they handle equipment that could be exposed to the cold of
LHe or liquid nitrogen (LN2).
Air supply is also a safety issue in a lab sitting a mile underground. If gas from an experiment or
some other source were to enter the lab, there wouldn’t be any way of venting it out, so it would
displace the oxygen in any affected rooms, thereby making it a toxic environment. Because of
this very real danger, the LNGS has created an extensive air safety plan for the lab that includes
visual and audible alerts in case of a gas leak, portable breathing equipment in easily accessible
places along the lab, and training for all personnel to instruct them on the proper protocol to
follow in case of such an event. A typical breathing apparatus and visual alert are pictured in
Figure 3.

Figure 3
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Liquid Helium Recovery System
The LHe recovery system is shared between CUORE/TTT and the CRESST experiment at the
lab to recycle used helium. LHe is extremely expensive, and it is fairly hard to transport large
amounts to the lab’s underground facility, so the CRESST experiment, which also uses LHe as a
coolant, installed a recovery system to collect any used helium that has heated and become
gaseous. Later, when CUORE entered the lab, they joined in to the recovery network to take
advantage of the cost-effective system. The system is not able to collect and recycle all of the
original helium, since it is impossible to completely seal all transfer connections and sometimes
a little helium must be vented. Despite this fact, it is still much more cost effective to use this
system and bring in a new tank of LHe from time to time to replenish the current LHe supply,
than to use brand new LHe all the time.
A typical refill shift begins with a visit to the main hub of the recovery system (seen in Figure 4),
where the collection balloon, liquefier, compressor, and empty and full transfer dewars are
stored.

Figure 4

This is where all of the used helium is processed to put it in its proper liquid form. Used helium
from both experiments is routed through transfer piping traveling the length of the underground
lab and stored in the large collection balloon seen in Figure 5.
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Figure 5

It is very important that this balloon does not inflate too much, as excess pressure on the balloon
walls could cause it to rupture and all the used helium gas would be lost. Shift personnel are
responsible for visually checking the balloon inflation throughout their shift to confirm a safe
level of inflation. The balloon contains a good amount of helium gas in Figure 5, but the view of
the balloon hanging over its base on the left side of the image suggests that the balloon is at a
safe inflation level. Gas from the balloon is fed into the compressor where it is compressed to a
much higher pressure to prepare it for the liquefier. A lab employee operates the liquefier and
fills the transfer dewars as they are needed for each experiment.
When starting a shift, personnel must first collect a transfer dewar that has been filled with
recycled LHe. The full dewar must be disconnected from the liquefier, and then the relief valve
must be opened on the dewar before it can be rolled away. While this will allow a small portion
of the helium gas in the top of the dewar to escape, the open valve is necessary to relieve any
built-up pressure inside the dewar due to jostling of the fluid during transport. Once the full
dewar is moved out of the way, a shift worker maneuvers one of the nearby empty dewars next
to and connects it to the liquefier. Workers can determine the status of a dewar by the ID tag
hanging around its neck, as seen in Figure 6. When the dewar is full, the ID tag is flipped to the
blue “Full” side, and the date of the fill is written on the tag – “SAB 8” on the tag in Figure 6
stands for “Sabato 8” or Saturday on the 8th day of the month. When the dewar is empty, the tag
is flipped to its red “Refill” side.
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Figure 6

After the empty dewar is connected to the liquefier, a shift worker pushes a green button on the
side of the compressor to initiate the compression/liquefaction process so that the system is ready
for the lab employee to refill the empty dewars. Then the dewar is rolled through the halls of the
lab to the CUORE/TTT experiment by two shift workers, shown in Figure 7.
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Figure 7

Two workers are needed for the dewar transport in order to avoid jostling the fluid and causing a
pressure spike inside. If the dewar is not handled carefully and a pressure spike were to occur, it
could potentially explode, which would be extremely dangerous to any people and experimental
equipment nearby.
Once the shift team reaches the CUORE/TTT experiment area, they roll the full dewar into the
experiment’s refill position. As soon as the dewar is stationary, the relief valve is closed to
prevent more helium gas escaping from the dewar. At this time the recovery line should be
connected to the dewar to make sure any gas trying to escape the dewar during the next portions
of the process will instead be collected and contained in the recovery system’s balloon. This
connection can be seen in Figure 8, with the orange hose feeding any escaping helium gas back
to the recovery system hub.
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Figure 8

At this point, it is time to start the TTT main bath refill process.

Main Bath Refill
The first step in the refill process is to insert part of the transfer line into the LHe dewar. This
part of the transfer line consists of a piece of metal tubing hardware commonly called a T-line
that hangs from a ceiling pulley. Two people are absolutely necessary for this step, though three
are preferred. One person must operate the chain pulley system that lowers the T-line into the
dewar, while another stands on a ladder above the dewar to direct and guide the T-line through a
narrow valve on top of the dewar. A third person monitors the dewar’s pressure, and he/she can
also assist the person on the ladder in guiding the T-line straight down into the dewar. Figure 9
shows the pulley chain and dewar T-line valve (left), a T-line (middle), and the dewar pressure
gauge (right).
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Figure 9

It is very important that the T-line be inserted completely vertical, otherwise the thin metal of the
T-line tubing can easily experience bending or kinking so that the T-line won’t properly insert
into the dewar. At the same time, it’s also important to insert the T-line slowly (approximately a
couple inches every 30 seconds) and monitor the dewar pressure closely, because the action of
inserting a T-line at room temperature into the dewar at cryogenic temperatures can cause
immediate pressure spikes in the dewar. As mentioned in the recovery system section above,
pressure spikes are quite dangerous, and in this case the pressure should never exceed 400 mbar;
if the pressure rises above 300 mbar during the insertion process, the crew pauses until the
pressure decreases to a safe level. The need to accomplish all of these tasks simultaneously
makes 3-person shift teams desirable, as there is a third person who can be solely responsible for
monitoring this pressure gauge as well be available to help the other two shift personnel if a
complication arises.
Once the T-line is inserted to the appropriate depth, the vacuum transfer hose (seen in Figure 10)
is connected to the top of the T-line. The LHe will soon start flowing along the transfer line, so
to stop the loss of LHe to the recovery system, the recovery valve is closed.
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Figure 10

Now focus moves over to the experiment’s cryostat and its surrounding structure. One person
enters the structure, called a faraday cage, from an access door at the bottom and climbs up
inside while another person climbs a ladder outside to stand on top of the faraday cage. Figure
11 shows the door (left), the view from inside the faraday cage (middle), and a view from outside
looking at the top of the cage structure (right).

Figure 11

The person on top feeds the T-line through the opening at the top of the faraday cage, and the
person inside helps guide the line to the cryostat fill valve. He/she then quickly opens the valve
and immediately inserts the T-line an inch or so to prevent the LHe inside from evaporating and
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escaping from the cooling system. The views from the top of the faraday cage and inside the
cage during this process are shown in Figure 12.

Figure 12

Now that the upper T-line is in place on top of the faraday cage, the transfer line can be
connected between the refill dewar and the experiment. A shift worker next to the refill dewar
opens the valve to allow helium to flow up through the vacuum hose. At the same time, the
person on top of the experiment holds the other, open end of the vacuum hose in one hand and
directs the opening toward their other hand. This is fine because the helium flowing through is
initially gaseous and warms up some as it travels, since the hose is still mostly at room
temperature. When he/she feels the gas flow coming out of the hose, he/she securely inserts the
hose end into the T-line. At this point the whole transfer line is connected, and all that is left for
the transfer to start is to insert the upper T-line fully into the cryostat. This process takes roughly
15-20 minutes, as the person on top of the faraday cage must push the T-line in 2-3 inches at a
time and waiting roughly a minute between pushes. This is similar to the T-line insertion into
the dewar – it’s necessary to go slow to avoid causing a pressure increase in the cryostat, since
the T-line is initially so much warmer than the cryostat.
When the T-line has been fully inserted and the cryostat valve has been tightened around it as
much as possible, pure pressurized helium gas from a storage tank (seen in Figure 13) is
connected to the dewar to augment its pressure. Once the transfer starts and the line cools down
from the LHe flow, the pressure inside the dewar can be increased via the pure helium tank to
approximately 250 mbar. This will help force the flow of LHe up the transfer line and into the
cryostat. During the transfer, which runs for roughly an hour, the dewar pressure should be
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maintained in the range of 200-300 mbar using small bursts of pure helium gas from the storage
tank.

Figure 13

During the refill, measurements are stopped and the computer monitors the main bath level.
When everything is running smoothly, workers still need to periodically check the system, but
other than that, they have roughly an hour of down time between the start and end of a transfer.
To take advantage of this free time, shift personnel perform smaller LN2 refills on some of the
other experimental equipment during the main bath refill.

Liquid Nitrogen Refill
In addition to the main experiment’s cooling system, which uses LHe as its coolant, there are
also the nitrogen trap and evaporator that are also part of the cooling system. Pictures of the trap
(right) and evaporator (left) are shown in Figure 14. The trap’s job is to condense any
contaminant gas, such as water vapor and carbon dioxide, out of the gaseous helium part of the
cooling system. This works because the contaminants return to their solid state at LN2
temperatures, but helium condenses at much lower temperatures, and so the solid contaminants
will fall out of the helium gas. The evaporator is responsible for “flushing the cryostat with
nitrogen gas to prevent radon contamination” [3].
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Figure 14

This equipment must be refilled at the same time as the main cooling system. Once the main
bath refill is running smoothly on its own, the shift personnel will attend to the refilling of these
two LN2 dewars. They take a small 10-liter dewar and thick leather gloves from the
experimental room and walk to a large LN2 dewar down the hall of the underground lab. Here
they fill up the small dewar to take back to the experiment. Below Alison can be seen refilling
the small dewar in Figure 15.

Figure 15

The LN2 is not as expensive to replenish as LHe, so it isn’t necessary to have an extensive
recovery system for LN2 use. The typical protocol for LN2 dewar filling is to “top it off,” or to
fill a container until it overflows slightly. This isn’t dangerous, as the overflowing LN2 will
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quickly evaporate. The nitrogen gas that flows over the ground is, however, quite cold; this is
one of many reasons workers are encouraged to wear long pants and warm socks.
Once the small dewar is full, the workers walk it back to the experiment and begin the trap refill.
This refill is fairly straightforward, with one worker opening the cover on the trap’s top opening
slightly and holding a specially shaped funnel in opening while another worker carefully pours
LN2 from the small dewar into the funnel. The trap is filled so it just starts to overflow, and then
the workers move on to refilling the evaporator. This is a little bit more difficult, as there is
special measuring equipment inserted through the evaporator’s top opening, and the funnel must
be inserted into the opening next to all of this measuring equipment. Sometimes it will take the
workers a couple tries to insert the funnel far enough to refill the evaporator properly. Once the
funnel is in, the workers repeat the same pouring process as what’s used on the trap. Alison and
I can be seen observing an expert shifter, Luca, perform the refill on the evaporator in Figure 16.

Figure 16

The evaporator is also filled to slightly overflowing, and then the small dewar, the special funnel,
and the thick leather gloves are placed in a storage area in the experimental area to be out of the
way in between refill shifts. After this is finished, the shift workers can go back to monitoring
the main bath refill and waiting for it to finish.

Shift Conclusion
When it reaches approximately 100%, the cryostat is full, meaning the refill is over and the
transfer line must be dismantled. The transfer is first cut off at the dewar by closing the dewar’s
vacuum hose connection valve. The recovery valve is immediately opened again to avoid any
loss of helium gas from the dewar. The pure helium gas tank is also disconnected from the
dewar at this time. The vacuum hose is disconnected first from the upper T-line on top of the
faraday cage, and then from the dewar T-line.
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The upper T-line is then removed from the cryostat. Unlike the insertion process, the line is
pulled out very quickly from above the cage while another person inside the cage is ready to plug
the cryostat valve as soon as the T-line is removed – this is yet another attempt to avoid
evaporation and loss of helium inside the cryostat. Finally the dewar T-line is removed quickly
using the pulley system while also being guided out by hand, and the line valve is plugged up
immediately following the line’s removal. As all the metal lines are being removed by hand, the
workers make sure to wear their protective gloves, since the T-line tubing coming out of the
cryostat and dewar have been cooled to tremendously cold temperatures that can cause severe
burns.
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Appendix A: Photo Collection of Project Experience
The collection of photos below expresses some of our memories from the experience of working
on the CUORE project. Descriptions of the pictures are also listed below.
1. Myself atop the faraday cage that houses the TTT experiment.
2. The view of the Gran Sasso mountain range seen from the highway just before entering the
10 km highway tunnel that provides access to the underground lab facility.
3. Sunset view from a back road on the mountain range.
4. The large folding metal doors of the main underground lab entrance.
5. Myself imitating one of the emergency action signs at the above-ground lab facility.
6. A view of the above-ground lab facility with the Gran Sasso mountain range behind.
7. One of the many wild dogs living near the lab would sit at the above-ground lab entrance all
day, every day. He was nicknamed Bob the Lab Dog.
8. Molds of raw lead that were recently recovered from a sunken Roman ship dating back over
2000 years. This lead is melted down and used as the main shielding for the CUORE
experiment.
9. Thomas and Alison in our office in the above-ground lab. We would work in this space
when we weren’t performing shifts underground.
10. Alison and myself walking through one of the underground lab tunnels with two Italian shift
personnel, Lucia and Luca.

21

22

Appendix B: Neutrino Research at Gran Sasso National Laboratory 2009
Trip Reports
A website was created by 2009 Central Coast Astronomical Society President, Walter Reil (my
father), as a posting board for trip reports written by myself, Alison Goodsell, and Dr. Thomas
Gutierrez. The website, http://www.fix.net/wreil/Gran-Sasso-Trip.htm, will not be supported
online for much longer, so its contents are displayed in this appendix as a permanent record.
Reports are listed from newest to oldest.
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